Abstract-The integrity of electrical plant becomes increasingly suspect over time due to various ageing processes. Numerous devices and spectroscopic techniques are available to analyze plant condition and recently, research has been carried out into the design of materials which can perform some form of self-diagnosis. These mainly include smart materials which can respond visibly, predictably and in a reproducible manner to stimuli such as heat, mechanical stress and electrical fields. A multi-layer device has been devised for detection and reporting of electric fields, a key component of which is a layer of electric field responsive material. This paper describes the investigation carried out to determine the suitability of liquid crystals as an electric field responsive medium for passive electric field detection.
INTRODUCTION
The transmission and distribution of electrical energy relies upon a robust infrastructure of high voltage plant. Over time the integrity of electrical plant becomes of increasing concern. Using remote techniques to assess dielectric condition and estimate remnant plant life are of great interest. The introduction of "smart" additives or fillers into dielectric materials is a potentially attractive means of monitoring dielectric degradation. For example, the smart additive into a host polymer could be a dye, fluorophore, liquid crystal, or any other molecule or functional group which is known to exhibit a visible response to an electric field. Applications in outdoor insulation systems to detect the presence of an electric field or as a means of dielectric condition assessment can be envisaged. When designing such a material, it is important to optimize the visual output to allow for ease of interpretation whilst maintaining favorable dielectric properties such as low loss and high dielectric strength.
Liquid crystals are of particular interest for smart materials due to their unique ordering properties and strong response to an electric field. It is possible to encapsulate droplets of liquid crystal in a host polymer to form a "polymer dispersed liquid crystal" (PDLC).
Rigorously controlling liquid crystal composition and material microstructure produces PDLCs which "switch" between clear and opaque states depending on changes in the local electric field, [1] making PDLCs potentially attractive smart dielectrics. A device containing a layer which switches between an opaque and transparent to reveal a warning sign in the presence of an electric field would offer enhanced safety in areas where bare conductors are present.
This paper describes tests designed and carried out on liquid crystals under applied fields to identify suitable species for use in electric field detection. Polarised optical microscopy and light scattering measurements were carried out under real time electrical stress. For the initial studies described herein, pure liquid crystals were used rather than PDLCs. Future work will see the same characterization methods used on PDLC systems as well as pure liquid crystals.
II. LIQUID CRYSTALS
Liquid crystals are a state of matter which share physical and behavioural properties of both a conventional liquid and solid crystal. Liquid crystals are composed of molecules (mesogens) which are either calamitic (rod-like) or discotic (disk-like) in shape. In a simple liquid crystalline phase, one molecular axis tends to point along a preferred direction, described as the director and denoted by the unit vector n.
Due to anisotropy, liquid crystals exhibit birefringence, sometimes referred to as double refraction. Light polarized parallel to the director travels at a different velocity through the liquid crystal and therefore has a different index of refraction compared to light polarized perpendicular to the director.
On application of an external electric field, liquid crystals have a tendency to align with the field due to the presence of permanent electric dipoles and/or induced dipoles in the molecules.
III. LIGHT SCATTERING STUDIES
Materials in a liquid crystalline state often have a cloudy appearance when viewed without specialist equipment. Within the bulk of a liquid crystal, there are many regions called domains. Each domain can be of the order of microns in size (although nanometer-scale domains are possible) and have a single director associated with it. The interface regions between domains are largely reported to scatter light in multiple directions, giving the material a translucent appearance. When heated above the clearing temperature T c , any positional or orientational order is lost, and no domains or interface regions exist within the liquid crystal which, therefore, appears as a transparent liquid. Light scattering experiments are a common way of determining orientation in a liquid crystal sample [2] . The key focus of experiments described in this paper was to characterize the effect of electric fields on thin films of the liquid crystal 5CB to determine the possible applications of 5CB as a smart component for an electric field sensing dielectric material.
When an electric field is applied across the liquid crystal, the directors within each domain align with the field. This reduces the extent to which domain interface regions scatter light by providing a preferred direction of alignment throughout the sample. An experiment was devised in order to quantify the effect of electric fields on films of 5CB using equipment described in section IVB.
IV. EXPERIMENTAL
Liquid crystals were purchased from Alfa Aesar and used with no further purification. ITO coated test cells were purchased from Sigma Aldrich.
A. Polarized Optical Microscopy
For polarized optical microscopy (POM), a Leitz Aristomet microscope was used to record micrographs of the liquid crystals, viewed through crossed polarizers. When the polarizers are crossed, only features in materials which exhibit birefringence are observed. In the case of liquid crystals, POM is widely used to observe domains, boundaries and defects. For the liquid crystal samples, voltage dependent POM was used to study alignment under an applied field. The test cells comprised two glass plates (separated by a polyethylene spacer) with the innermost faces of the plates coated with indium tin oxide (ITO), which is a transparent electrode. Connections from the plate to a DC power supply allowed up to 30 V to be applied across the test cell. A schematic of a test cell is shown in Figure 1 .
A thermal imaging camera was used to ensure that resistive heating of the test cells did not occur during the experiment. A control experiment exposed the liquid crystal filled test cells to voltages of 10 V for at least 10 times longer than any experiment carried out, over which time no heating of the cell was observed.
B. Light Scattering Measurements
A test cell was prepared using indium tin oxide (ITO) coated glass plates separated by LDPE spacers and sealed around three sides with silicone rubber adhesive. Silver paint ensured a good connection between the ITO surface and connecting wires. Figure 1 shows a cross section of the cells used. The ITO coated glass test cells were found to be a great improvement on the previously used gold coated Melinex films.
Due to the sensitivity of liquid crystals to their surrounding environment, a new cell was used for each experiment to ensure that any residues or modifications to the ITO surface would not affect subsequent experiments. The test cell was allowed to settle for at least 12 hours after filling with 5CB before each experiment was carried out. A coherent, polarized beam from a HeNe laser (fitted with a 30x beam expander) was passed through the test cell followed by a polarizer (analyzer) before measurement with a photodiode which also acted as a beam stop (as in figure 2 ). The polarizer was rotated until parallel with the polarization of the laser beam to produce a maximum output voltage from the photodiode. It was noted that raw data from the light scattering measurements contained a lot of high frequency background noise. In order to compare the ON and OFF states of each cell, it was beneficial to remove the background noise via a low pass filter. A second order Butterworth filter was created, with a cut-off frequency of 20 Hz. A zero-phase filtering process was employed to remove any filter-induced phase distortion.
V. RESULTS

A. Light Scattering Study -DC Electric Field Response
Of the three different thickness 5CB test cells used, the 200 µm cell showed the largest switching between the V in = 0 V and V in = 10 V states with a Δ max of 15 mV. The switch-on time constant (τ on ), was 180 ms, which was similar to τ on for the 100 µm cell. It is thought that the good Δ max value for the 200 µm cell was a combination of a sufficiently high electric field strength (50 V m -1 ), enough bulk material to provide large amounts of scattering at V in = 0 V, and also suitably strong surface alignment forces to cause relaxation back to the original opaque state. Figure 4 shows the response of the 200 µm 5CB filled test cell to a 10 V DC pulse. The relaxation time for the liquid crystal when V in is switched back to 0 V is slow in comparison with the switch-on response. This is due to the visco-elastic properties of the liquid crystal. When a field is applied, the polarization effects in the bulk material are greater than the elastic forces which hold the liquid crystal director in its initial alignment, this causes fast reorientation of the directors parallel to the field (in the case of positive dielectric anisotropy liquid crystals). When the field is removed, only the visco-elastic forces remain and the directors of each liquid crystal domain relax back to their initial position, the rate of which is governed by the strength of nearby surface anchoring and alignment effects, and the viscosity of the liquid crystal.
B. Effect of Applied Voltage (V in ) on Δ max
An experiment was carried out to determine the effect of applied voltage (V in ) on the maximum switching (Δ max ) capability of the LC, measured as the difference between the maximum voltage output from the photodiode in the V in = x V, (x > 0) and V in = 0 V states. Figure 5 shows the increase in Δ max with increasing applied voltage. A 200 µm test cell, filled with 5CB was used for the measurements. A DC pulse was applied to the test cell until the liquid crystal appeared to switch completely. At low voltages, switching was much slower. A 5 minute time interval was allowed between applying each test pulse to ensure the liquid crystal had fully relaxed back to the V in = 0 V state. 
C. Response to AC Electrical Fields
Having studied the response of 5CB to DC fields, 50 Hz AC electric fields were applied to the 200 µm test cells. 5CB showed a particularly good response to an AC field (20 V peak-to-peak).
The time constant (τ on ) was 21.8 ms, remarkably quicker compared with the 180 ms measured for the equivalent experiment using a DC field. Δ max was 23.14 mV which is a little higher compared to the DC field response values. Figure 6 shows the response of 5CB to the AC field, with the dashed red box showing the region in which τ on was calculated. 
D. Polarized Optical Microscopy
POM was used to study the 200 µm test cell whilst an electric field was applied. Figure 7 shows a selection of micrographs recorded over a period of 88 seconds with a 10 V, DC pulse applied to the cell. Initially, little texture is observed, other than that due to surface imperfections on ITO coating which causes homeotropically aligned liquid crystals to be tilted relative to the uniform ITO regions. It is not thought to have had an appreciable effect on the results of the POM and light scattering studies, although would be worth mitigating in future studies, especially if thinner test cells were to be used (where the surface to bulk ratios are larger). The dark relatively featureless background observed at t = 0 is due to one of two possibilities. Either a homeotropic monodomain is present throughout the system, therefore there is no light scattering and the microscope beam is completely eclipsed by the crossed polarizers, or there are many small domains which due to the sample thickness produce a pseudo-isotropic state as there is no net birefringence of the material within the cell. The latter is almost definitely true in this case when these results are compared with the large degree of light scattering in the OFF states of the cell (described in section VA). At t=34 s, birefringence patterns begin to appear, such patterns are normally associated with form birefringence in materials for example from small air voids or a radially symmetrical structure [3] . Although complex birefringence patterns are observable from t=34 s, overall, the 5CB molecules must be aligned with the electric field to a greater extent than at t=0 s as the same test cell was shown to scatter the laser beam a lot less on application of a 10 V DC signal. It is possible that the domain sizes at t=34-88 s are much greater compared with t=0 s hence the cell is no longer pseudo-isotropic in appearance using POM. The micrographs depicted were taken from a series of still images recorded at 2-4 frames per second, and do not necessarily represent the time at which the texture shown first appeared and therefore represent the array of textures formed, but not the accurate liquid crystal response time.
VI. CONCLUSIONS
Liquid crystal technologies show good promise as potential smart materials for electric field monitoring. Liquid crystals show good sensitivity to an electrical field and have been proven to produce visible responses to an applied field. In terms of the test procedures carried out, the glass test cells described offer good optical transmission and uniform electric fields across the sample, and in future work the cells would be able to withstand curing process temperatures for casting of epoxy and silicone rubber based PDLCs. In terms of characterization, light scattering measurements and POM studies complement each other when determining reorganization of the liquid crystals in response to an electric field. 5CB, which was used in this study responded to both AC and DC fields in a similar manner which suggests that with some refinement, a liquid crystal based device could be used to detect and report the presence of both AC and DC electrical fields.
VII. FURTHER WORK
Further work will see the characterization methods described extended to polymer dispersed liquid crystal systems in an attempt to enhance Δ max and τ on . Thermal instabilities of some liquid crystals will need to be addressed, although liquid crystal systems with very large operating ranges have been reported [4] . It would be necessary to weather proof any device which was used outdoors for condition monitoring to limit UV degradation and moisture ingression as increased levels of charge carriers compromises the unique optical properties of liquid crystals may lead to accelerated ageing and ultimately material failure.
Once a suitable liquid crystal or PDLC system has been selected, a prototype device will be produced, based on a FEA model developed alongside the smart material characterization studies [5] .
